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Materials with spin-orbit coupling are of great current interest for various spintronics applications
due to the efficient electrical generation and detection of electron spins. Over the past decade, a large
number of materials have been studied including topological insulators, transition metals, Kondo
insulators, semimetals, semiconductors, oxide interfaces, etc., however, there is no unifying physical
framework for understanding the physics and therefore designing a material system and devices with
the desired properties. We present a model that binds together the experimental data observed on
the wide variety of materials in a unified manner. We show that, in a material with a given spin
orbit coupling, the density of states plays a key role in determining the spin-charge interconversion
efficiency and a simple inverse relationship can be obtained. Remarkably, experimental data on
spin voltage, obtained over the last decade on many different material systems closely follow such
inverse relationship. Based on such analytical relationship, we further deduce two figure of merits of
great current interest: the spin-orbit torque efficiency (for the direct effect) and the inverse Rashba-
Edelstein effect length (for the inverse effect), which statistically show good agreement with the
existing experimental data on wide varieties of materials.
I. INTRODUCTION
The spin-charge interconversion due to the unique
spin-momentum locking (SML) observed in materials
with spin-orbit coupling (SOC) is a topic of great cur-
rent interest for novel spintronic applications e.g. mag-
netic memory devices with new read [1] and write (see,
e.g., Refs. [2, 3]) mechanisms, logic devices (see, e.g.,
Refs. [4, 5]) for beyond conventional computing, spin
battery [6], flexible electronics [7], metallic rectifier [8],
etc. Over the past decade, a large number of materials
have been studied as possible elements of the spin-charge
interconversion including topological insulators (TI) [9–
14], semiconductors [15, 16], transition metals [3, 17–24],
semimetals [25], oxides [26–29], antiferromagnets [30], su-
perconductor [31], etc. The sheer variety of materials
that show such spin-charge interconversion is exciting,
but it also poses a daunting challenge in terms of under-
standing the underlying physics and therefore designing
a material system with the desired properties.
In this paper, we present a model that binds together
the experimental data observed on the wide variety of
materials in a unified manner. We show that, in a ma-
terial with a given SML, the number of modes in the
channel which is related to the material density of states
play a key role in determining the efficiency of the spin-
charge interconversion. We point out to a simple inverse
relationship between the interconversion efficiency and
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the material density of states. Remarkably, experimen-
tal data on spin voltage obtained over the last decade
on many different material systems closely follow this in-
verse relationship.
We first show that the spin induced voltages in a ma-
terial with a given SML, can be enhanced by lowering
the material density of states. Such enhancement in
spin voltage is of great interest for spin-based logic and
memory devices [1, 4] where the magnetization informa-
tion needs to be converted into a large voltage signal.
Such trend with respect to the density of states can be
found over diverse classes of materials with different SML
strengths. We then quantify the strength of the SML in
these materials based on the available experimental data
and compare with the theoretical expectations based on
the origin of the SML. We further extend the spin induced
voltage models to understand the widely used figure-of-
merits:the inverse Rashba-Edlestein effect (IREE) length
which quantifies the inverse effect (spin to charge conver-
sion) and the effective spin-orbit torque (SOT) efficiency
which quantifies the direct effect (charge to spin conver-
sion). We compare our models over quantitatively with
the measurements on diverse classes of materials, which
show good agreement. These models provide physical
insights on designing materials and structures to achieve
higher figure-of-merit for the charge-spin interconversion.
Specifically, we discuss the cases where the SOT efficiency
can be > 1, which is a topic of great current interest for
energy efficient SOT memory devices [27, 32–34].
Our discussion in this paper is based on the following
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2FIG. 1. (a) Circuit representation for charge to spin conversion in a spin-orbit material. (b) Experimental setup to measure
charge current induced spin voltage in the channel using a ferromagnetic contact with magnetization m. (c) Circuit represen-
tation for spin to charge conversion in a spin-orbit material. (d) Experimental setup to measure spin current induced charge
voltage in the channel, using an electrical injection using a ferromagnetic contact.
model for an arbitrary channel with SML [35, 36]
{
V1 − V2
vs
}
=
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2GB
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I12
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}
, (1)
where V1,2 are the charge voltages on terminals 1 and 2,
I12 is the charge current flowing in the channel, vs is the
spin voltage in the SML channel, is is the spin current
injected from the SML channel to the adjacent layer, p0
is the degree of SML in the channel, GB is the ballistic
conductance of the channel, λ is the mean free path, L
is the channel length, α is an angular averaging factor,
 is a unit less scattering dependent parameter, and Gs
is the source conductance for the spin source of the SML
channel. Note that GB in this discussion do not represent
ballistic transport and the results discussed in this paper
are valid all the way from ballistic to diffusive regime of
operation. We have transformed Eq. (1) into a circuit
representation in Fig. 1. We have obtained Eq. (1)
from the semiclassical diffusion equation reported in Ref.
[35], for a structure in which the channel spin potential
is uniform. We assume arbitrary conductance for the
contacts. The derivation is provided as Appendix A. The
semiclassical equation in Ref. [35] was obtained from the
Boltzmann transport equation using four electrochemical
potentials based on the sign of the group velocity (+
and −) and the spin index (up and down), under the
assumption of linear response and elastic scattering in
the channel.
The paper is organized as follows. In Section II, we dis-
cuss charge current induced spin voltage and show that
the spin voltage strength scales inversely with the chan-
nel number of modes or material density of states over a
broad range of materials. We extract the degree of spin-
momentum locking in diverse classes of materials and
extend the spin voltage model to derive a model for SOT
efficiency, which agrees well with experiments in met-
als, topological materials, oxides, and Rashba channels.
We compare our model of SOT efficiency with existing
theory. In Section III, we discuss spin current induced
charge voltage which is same in strength as the charge
current induced spin voltage, according to the Onsager
reciprocity. We extend the inverse effect voltage model to
derive a model for inverse Rashba-Edelstein effect length,
which agrees well with experiments on diverse classes of
materials. We end with a short summary in Section IV.
II. DIRECT EFFECT: CHARGE TO SPIN
CONVERSION
II.1. Charge Current to Spin Voltage
A charge current I12 flowing in a spin-orbit (S-O) ma-
terial induces a spin voltage vs [35, 37]. The spin voltage
3at the terminal-3 in Fig. 1(a) is given by
vs =
αξp0
2GB
I12, (2)
where ξ = Gs/ (Gs +GL). Here,  is a unit less cor-
rection factor due to various scattering processes in the
channel and ≈ 1 when spin-flip processes are dominant.
The details are provided in Appendix A. In the absence
of an adjacent ferromagnetic (FM) layer or in the pres-
ence of a thin interfacial oxide layer between the S-O and
the FM, we have GL → 0 which leads to ξ ≈ 1.
The spin voltage in the channel can be measured in
the form of an open circuit charge voltage using a FM
contact with its magnetization (~m) along the spin polar-
ization axis (sˆ) in the channel. The charge voltage dif-
ference between the two magnetic states (+m and −m)
is proportional to vs, as given by (see Fig. 1(b))
∆V = V32 (+~m)− V32 (−~m) = αξp0pf
GB
I12. (3)
Such electrical method to measure the spin voltage was
originally proposed in Ref. [42] for TI surface states and
Rashba channels, using a non-invasive external contact as
the voltage probe (where GL → 0). The method has been
used to measure a spin voltage on diverse classes of mate-
rials, including, topological insulators [9, 10, 12, 13, 43–
45], transition metals [38, 39, 46], semiconductors [15],
Kondo insulator [41], and semimetals [25], using both
invasive and non-invasive FM contacts and can be quan-
tified using Eq. (3).
II.1.1. Dependence of spin voltage on the channel number
of modes and the material density of states
The conductance GB in Eqs. (2)-(3) is related to the
total number of modes MT in the channel [35]
GB =
q2
h
MT , (4)
where, q is the electron charge and h is the Planck’s con-
stant. Note that GB in Eqs. (2)-(3) represents a pa-
rameter proportional to MT and do not imply a ballastic
transport. MT is related to the channel dimensions and
the electronic structure of the material in terms of the
density of state D and and the group velocity v, as [47]
MT =
hDv
2L
η, (5)
where L is the channel length and η is a geometrical fac-
tor, which is 1, 2pi , and
1
2 in a 1D, 2D, and 3D channel,
respectively. Eq. 5 indicates that the spin induced volt-
age signal is large in a material with low density of states
and low group velocity.
MT is related to the Fermi wave vector kF as
k2Fwt/(2pi) for 3D channels and kFw/pi for 2D channels,
where kF can be calculated using a 3D carrier concen-
tration n as
3
√
3pi2n and a 2D carrier concentration ns as√
2pins respectively [35]. Thus, MT can be related to the
measured carrier concentration as
MT
wt
=
3
√
9pi
8
n
2
3 , (for 3D) (6a)
MT
w
=
√
2
pi
n
1
2
s , (for 2D) (6b)
which indicates that the spin voltage in a S-O material
scales inversely with n
2
3 .
The charge current to spin voltage conversion ratio is
∆RS = ∆V /Ic which is in the unit of resistance. We
multiply both sides with w to make it independent of the
channel width and define a figure-of-merit in the unit of
resistivity as
∆RS × w = h
q2
αξp0pf
MT /w
. (7)
In Fig. 2, we compare Eq. (7) with experiments on di-
verse classes of materials with large range of variations
in the density of states, including, topological insula-
tors ((Bi0.5Sb0.5)2Te3 [9], (Bi0.53Sb0.47)2Te3 [10], Bi2Se3
[9, 11, 12], Bi2Te2Se [13], and BiSbTeSe2 [14]), transition
metals (Ta [38], Pt [38, 39], W [38], and Ir [38]), metallic
interfaces (Cu|Bi [40]), narrow bandgap semiconductor
(InAs [15, 16]), topological Kondo insulator (SmB6 [41]),
and semimetals (WTe2 [25], Cd3As2 [49]). Remarkably,
the spin voltage in diverse classes of spin-orbit mate-
rials (both topological and non-topological) are scaling
inversely proportional to the total number of modes or
density of states in the material, as described by Eq. (3).
The y-axis of Fig. 2 is taken from direct measurements
of the spin voltage from the corresponding references and
the x-axis of Fig. 2 has been estimated from measured
carrier concentration using Eq. (6) or from measured
resistivity (ρ) / sheet resistance (Rsheet) and mean free
path (λ) using
ρ
wt
=
Rsheet
w
=
1
GBλ
. (8)
The details of the data points and related estimations
are summarized in Tables I-II, with detailed footnotes.
Although, the data points are scattered in nature due to
a variation of t, p0, pf , and ξ from sample to sample, we
observe a seven orders of magnitude enhancement in the
spin voltage strength due to a seven orders of magnitude
lowering in the number of modes over the diverse classes
of materials shown in Fig. 2. This implies that the den-
sity of states or number of modes plays a dominant role
in determining ∆Rs, which could be a useful design guide
for spin-voltage driven logic and memory [1, 4].
Note that some data points on topological materials in
Fig. 2 correspond to low temperature experiments, and
the spin signals in these experiments decreases with the
4TABLE I. Spin Signal Strength on Diverse Materials.
SOC Material Ferromagnet (pf ) ∆RS (Ω) w (µm) t (nm) ∆RS × w (µΩ-cm)
(Bi0.5Sb0.5)2Te3 [9] CoFeB | MgO (0.5) 20 8 7 16000
(Bi0.53Sb0.47)2Te3 [10] Co | Al2O3 (0.42) 5.2 2.5 9 1300
Bi2Se3 [11] Co | TiO2 (0.3) 0.2 1 20 20
Bi2Se3 [12] Co | TiO2 (0.2) 0.07 5 40 35 (dev-1)
Bi2Se3 [9] CoFeB | MgO (0.5) 0.12 8 7 96
Bi2Te2Se [13] NiFe | Al2O3 (0.45) 2.2 9 10 1980
BiSbTeSe2 [14] NiFe | MgO (0.45) 0.013 8.5 172 11 (dev-1)
0.4 4.5 82 180 (dev-2)
1.6 6.5 54 1040 (dev-3)
SmB6 [41] NiFe | AlOx (0.38) 0.004 500 - 200
Cu|Bi [40] NiFe (0.31) [48] 1× 10−4 0.15 100 1.5× 10−3
Pt [39] CoFe (0.58) 8× 10−3 0.4 7 0.32
Pt [38] CoFeB | MgO (0.6) 0.8× 10−3 8 7 0.64
Ta [38] CoFeB | MgO (0.6) 6× 10−3 8 7 4.8
W [38] CoFeB | MgO (0.6) 1.2× 10−3 8 7 0.96
Ir [38] CoFeB | MgO (0.6) 0.6× 10−3 8 7 0.48
WTe2 [25] NiFe (0.45) 0.14 5 23 70
Cd3As2 [49] Co|oxide (0.4) 40 0.15† - 600
InAs [15] NiFe | Al2O3 (0.5) 0.56 8 2 450
†Diameter of the nanowire.
TABLE II. Estimation of Number of Modes and Degree of Spin-Momentum Locking in Diverse Materials.
SOC Material n ns kF ρ Rsheet λ MT /w p0,eff
(×1025 m−3)(×1016 m−2)(nm−1)(µΩ-cm) (Ω) (nm) (nm−1) (Eq. (3))
(Bi0.5Sb0.5)2Te3 - - - - 6000 [9] 150 [9] 0.028 (Eq. (8)) 0.54
(Bi0.53Sb0.47)2Te3 0.47
b - 0.52 - - - 0.39 (Eq. (6)) 0.73
Bi2Se3 1.25 [11] - 0.72 - - - 1.65 (Eq. (6)) 0.067
Bi2Se3 5 [12] - 1.14 - 18 [12] 130 [9] 8.3 (Eq. (6)) 0.87
11 (Eq. (8))
Bi2Se3 3 [9] - 0.96 - - - 1 (Eq. (6)) 0.12
Bi2Te2Se - - 0.44 [50] - - - 0.31 (Eq. (6)) 0.83
BiSbTeSe2 0.26
c (dev-1) - 0.43 - - - 5.1 (Eq. (6)) 0.075
0.1c (dev-2) - 0.31 - - - 1.25 (Eq. (6)) 0.3
0.056c (dev-3) - 0.25 - - - 0.53 (Eq. (6)) 0.74
SmB6 - - 6.7 [41] - - - 2.13 (Eq. (6)) 0.73
Cu|Bi 8470d [51] - 13.6 - - - 2943 (Eq. (6)) 0.0086e
Pt - - - 27 [38] - 10.5a [52]63.9 (Eq. (8))0.021 (from [39])
1600 [52] - 7.8 - - - 67.8 (Eq. (6))0.044 (from [38])
Ta - - - 210 [38] - 1.8f 47.9 (Eq. (8)) 0.23
W - - - 42 [38] - 2.1f 205.4 (Eq. (8)) 0.2
Ir - - - 28 [38] - 1.32g 490 (Eq. (8)) 0.24
WTe2 - 1.9 [25] 0.35 - - - 9.5 (Eq. (6)) 0.9
Cd3As2 0.036 [49] - 0.22 - - - 0.91 (Eq. (6)) 0.82
InAs - 2 [15] 0.36 - - - 0.23 (Eq. (6)) 0.12
aThe reported mean free path is for similar resistivity (∼ 20 µΩ-cm). bCalculated using n = ns/t with ns = 4.25× 1016 m−2 [10]. cWe have
used B/(ntq) to extract n from their ordinary Hall resistance measurements on three different devices (dev-1, dev-2, and dev-3), where B is the
external magnetic field. d We assume that most of the current conduction occurs in the conductive layer Cu and calculated the total number of
modes based on Cu parameters. e p0 estimated from is ∼ 0.296 (10) using αR = 3.2× 10−10 eV-m [53] and vF = 1.57× 106 ms−1 for Cu [51].
Note: vF = 1.87× 106 ms−1 for Bi [51]. Estimated from experiment is much lower than this theoretical value and could be due to a higher
current shunting in the magnetic contact. f We have assumed λ to be equal to the spin diffusion lengths reported in Refs. [3] and [20], it was
pointed out previously that they are comparable [54]. g λ for Ir reported in Ref. [55] is 7.09 nm for a sample with ρ = 5.2 µΩ-cm. We have
assume a 5.4 times smaller value since the resistivity of the sample in Ref. [38] is 5.4 times higher.
5FIG. 2. Spin voltage strength ∆RS in diverse classes of materials as a function of material number of modes or density of
states. Experimental data points include: topological insulators ((Bi0.5Sb0.5)2Te3 [9], (Bi0.53Sb0.47)2Te3 [10], Bi2Se3 [9, 11, 12],
Bi2Te2Se [13], and BiSbTeSe2 [14]), transition metals (Ta [38], Pt [38, 39], W [38], and Ir [38]), metallic interfaces (Cu|Bi [40]),
narrow bandgap semiconductor (InAs [15, 16]), topological Kondo insulator (SmB6 [41]), and semimetals (WTe2 [25]). Solid
black line represents theoretical trend.
temperature. The temperature dependent degradation
arises from the conditions for topological surface states
formation, positioning of the Fermi level in the topolog-
ical bands, coexistence of parallel channels, contact po-
larization degradation, etc., which is related to ξp0pf in
Eq. (3). In Fig. 2, we take the maximum reported values
of ∆Rs in various materials and plot them against their
corresponding number of modes to illustrate how density
of states play a key role in the scaling of the spin voltage.
II.1.2. Strength of the spin-momentum locking in diverse
classes of materials
We quantify the strength of SML in these diverse
classes of materials using p0 in our model. The degree of
SML of an arbitrary S-O material is given by [35]
p0 =
M −N
M +N
, (9)
where M (N) represent number of modes for forward
moving up (down) spin states which is same as the
number of modes for backward moving down (up) spin
states due to time-reversal symmetry. p0 varies between
0 and 1, where p0 = 0 represents a normal channel
(M = N) and p0 = 1 represents perfect SML in the
channel (N = 0) e.g. an ideal topological material. For
a Rashba channel, Eq. (9) becomes (see Appendix B)
p0 =
αR√
α2R + (~vF )
2
, (10)
where αR is the Rashba coefficient in the units of eV-
m, vF is the Fermi velocity, and ~ = h/(2pi) is the
reduced Planck constant. For weak Rashba channels,
p0 = αR/(~vF )  1. Note that for a given Hamil-
tonian, p0 can be estimated using Eq. (9).
We have extracted the effective strength of SML
p0,eff = ξp0 from the experimental data points in Fig. 2
using Eq. (3) and summarized them in Table II. The es-
timated p0,eff are close to 1 for the materials known to
possess topological surface states e.g. (Bi0.5Sb0.5)2Te3,
BiSbTeSe2, Bi2Te2Se, Bi2Se3, etc. Although, p0,eff es-
timated from the spin voltage measured on Bi2Se3 sam-
ple in Ref. [11] is weak, as typically expected for weak
Rashba channels and could originate from a Rashba chan-
nel that has been discussed to coexist in such material.
[56, 57]. Note that the p0,eff estimated on a topological
Kondo insulator SmB6 [41], a topological Weyl semimetal
WTe2 [25], and a topological Dirac semimetal Cd3As2 are
also close to unity, indicating strong SML as expected.
For Cu|Bi interface, the estimated p0,eff is ∼0.0086,
which is very weak. Cu|Bi interface is known as a
weak Rashba channel with theoretical strength of the
SML p0 ≈ αR/(~vF ) ≈ 0.054 calculated using αR =
5.6 × 10−11 [40] eV-m and vF = 1.57 × 106 ms−1 (for
Cu) [51]. This lowering from the theoretical value can
be attributed to a lower ξ (∼ 0.16) since the ferromag-
netic contact in Ref. [40] was in direct contact with the
metallic channel. Two-dimensional electron gas in InAs
quantum-well is known as a strong Rashba channel, and
p0 estimated from experiment is large ∼0.12.
The p0,eff extracted from the spin voltages measured
on Pt is in the order of that observed in a weak Rashba
channel. Measurements on Pt in Ref. [38] was done
6FIG. 3. (a) Structure for spin-orbit torque related experi-
ments. (b) Spin-orbit torque (SOT) efficiency ζSOT in various
metallic interfaces and comparison with Eq. (15).
with an oxide barrier at the interface and the extracted
p0,eff ≈ 0.0064. However, the estimated p0,eff ≈ 0.0032
is lower for Pt in Ref. [39] where the ferromagnet was in
direct contact with the channel. Such lowering could be
attributed to a lower ξ due to such direct contact. The
extracted p0,eff from spin voltages measured on Ta, W,
and Ir are in the order of that observed in a strong Rashba
channel. The orgin of the SML in transition metals is a
topic of active debate and could involve a bulk mecha-
nism [3, 58] or an interface Rashba-like mechanism [59–
63]. Irrespective of the underlying mechanism, as long
as there is a measurable spin voltage at the ferromag-
netic contact, we can extract a strength of SML p0,eff
according using Eq. (3).
II.1.3. Comment on the origin of the observed inverse
relation with the channel number of modes
It is worth noting that Eq. (2) can be decomposed
into:
• The standard mesoscopic view of charge current
flow in an arbitrary channel [64]
I12 =
GB
q
(
µ+ − µ−) . (11)
where µ+ and µ− are the electrochemical potentials
for the forward and backward propagation states.
Eq. (11) is valid for any materials, with or without
the spin-momentum locking.
FIG. 4. (a) Resistivity and Hall carrier concentration of bare
SrIrO3 as a function of thickness, taken from Ref. [28]. (b)
Spin-orbit torque (SOT) efficiency ζSOT in SrIrO3 calculated
using Eq. (16) with carrier concentration in Fig. 4(a), and
comparison with experiments in Ref. [29].
• The coupling between charge and spin potentials
µup − µdn = αp0
(
µ+ − µ−) , (12)
which correspond to the standard view of spin mo-
mentum locking i.e. the forward moving states are
up spin polarized (µ+ → µup) and the backward
moving states are down spin polarized (µ− → µdn).
Note that q vs = (µup − µdn) /2.
The observation in Fig. 2 that the spin signals scales
inversely with the number of modes in the samples, come
from the standard mesoscopic view of charge transport in
Eq. (11). This feature of the charge transport is reflected
on the spin voltage through the SML in Eq. (12).
II.2. Charge Current to Spin Current
The spin potential in the S-O layer (vs in Eq. (2))
will inject a spin current (is) in the adjacent FM layer,
depending on the effective interface spin conductance
Gs,eff (see Fig. 1), as given by
is = Gs,eff × vs. (13)
Here, Gs,eff is composed of the source conductance (Gso)
of the S-O layer and interface spin conductance (Gint) of
the FM layer. Gint is modeled with the bare interface
spin mixing conductance [65]. Gso is given by
Gso =
4GB Lf
α2 (1− p20)λs0
, (14)
which is given in Appendix A, also see Ref. [36]. Here,
λs0 is a spin-dependent scattering length. When the mag-
netization ~m is perpendicular to the spin polarization sˆ,
Gs,eff = GsoGint/(Gso + Gint) is known as the effec-
tive spin-mixing conductance, which is typically written
as Gs,eff =
2q2
h g
↑↓
r,effwfLf and g
↑↓
r,eff is measured from
experiments involving the FM resonances on the bilayer
(see, e.g., Refs. [32, 66, 67]). Here, wf and Lf are width
and length of the FM layer.
7II.2.1. Spin-orbit torque efficiency in various materials
We know that ∆V = 2pfvs from Eqs. (2)-(3), which in
conjunction with Eq. (13) gives the following expression
for the SOT efficiency, given by
|ζSOT | = |Js||Jc| =
q2
h
g↑↓r,eff ×
∆Rswt
pf
, (15)
where Js = is/(wfLf ) and Jc = I12/(wt) (see Appendix
A for derivation). Interestingly, Eq. (15) indicates that
two measurements from two independent experiments:
∆Rs from spin potentiometric experiments in Fig. 2 and
g↑↓r,eff from FM resonance experiments can be multiplied
together to estimate the SOT efficiency in a device.
We have used the spin voltage strength ∆Rs data from
Table I for S-O materials and calculated the effective
SOT efficiency using reported g↑↓r,eff on various S-O|FM
interfaces. The calculations are summarized in Table III.
The calculated ζSOT using Eq. (15) has been compared
with existing experiments in Table III and Fig. 3, which
are in good agreement. Note that calculated ζSOT for W
is close to the experimental report for α-W, because the
spin voltage used for calculation was measured in Ref.
[38] was on a sample with resistivity similar to that typi-
cally observed in α-W [71]. ζSOT is higher on resistive W
samples e.g. β-W [20] or amorphous a-W [71]. Interest-
ingly, ∆Rs for Bi2Se3 multiplied by the reported g
↑↓
r,eff
gives a calculated SOT efficiency ζSOT > 1 and similar
high values have been observed experimentally (see, e.g.,
Refs. [32, 33]). We also note that the calculated ζSOT
is > 1 for WTe2, however, existing experimental report
is < 1 (see, Ref. [74]). The spin mixing conductance
should be taken carefully for such calculations since the
measured values are often overestimated due to various
non-ideal effects [80]. In this manuscript, we limit our
discussion to the ζSOT < 1 cases, as shown in Fig. 3.
Eq. (15) indicate that ζSOT is determined by both the
S-O layer and the magnetic interface, hence, it is possi-
ble that ζSOT is substantially different in a S-O material
when coupled to a different FM interface. We combine
Eq. (3) with Eq. (15) to get the following analytical
expression, given by
|ζSOT | = αp0,eff ×
g↑↓r,eff
mn
. (16)
where mn = MT /(wt) is the total number of modes per
unit cross-sectional area of the channel. It is worth not-
ing that ζSOT also scales inverse with the channel num-
ber of modes or the material density of states. This in-
verse scaling with mn can be related to the generally
observed trend that resistive materials lead to higher
SOT efficiency (see, e.g., Refs. [81, 82]), because the
conductivity (σ) of the material is related to the mn as
σ = 1/ρ = q
2
h mnλ (see Eq. (8)).
II.2.2. ζSOT in oxide material
Recently, there is an increasing interest in transition-
metal-oxides (see, e.g. [26–29]) for tunable charge-spin
interconversion, where there is opportunity to tune both
S-O material parameters and the interface conditions
to enhance ζSOT . In the semimetallic phase of stron-
tium iridate (SrIrO3), it has been observed that ζSOT
increases for thicker devices while ρ of the sample de-
creases [28, 29], see Fig. 4. This observation is counter-
intuitive to the observations in metals [81] that higher
resistivity exhibits higher SOT efficiency. Interestingly,
the Hall carrier density measured on bare SrIrO3 [28]
indicated that the concentration is also decreasing for
thicker samples (see Fig. 4(a)). Similar observation that
the resistivity and carrier concentration scale in the same
direction with thickness has previously been observed in
Bi2Se3 [83] and Bi2Te3 [84].
Eq. (16) indicate an inverse scaling with the carrier
concentration in the S-O layer. We have discussed in
Eq. 6 that mn = k
2
F /(2pi) which depends on the car-
rier concentration as mn =
3
√
9pi
8 n
2
3 . It is surprising to
note that, Eq. (16) indicates a correct scaling of SOT effi-
ciency with thickness, based on how carrier concentration
scales with the thickness. We have compared calculations
based on Eq. (16) with the SOT efficiency measurements
on SrIrO3 reported in Ref. [29], as shown in Fig. 4(b).
We have set p0,effg
↑↓
r,eff ≈ 1.9× 1018 m−2 to match the
absolute value of ζSOT , and assumed it to be constant
over various thicknesses. The assumption that g↑↓r,eff is
constant over various thicknesses is based on the experi-
mental observation in Ref. [29]. Two interesting features
seen in the SOT measurements were captured by the Hall
carrier density based calculations using Eq. (16):
1. Eq. (16) indicates a saturation of ζSOT for thicker
samples based on the saturation observed in the
Hall carrier density. The saturation of the mea-
sured SOT efficiency and the measured carrier den-
sity occurs roughly around the same position.
2. The change in the measured SOT efficiency from
the thin to the thick limit (∆ζSOT in Fig. 4(b))
is roughly same as the ∆ζSOT calculated based on
the change in Hall carrier density.
The origin of the carrier concentration change with thick-
ness needs a careful evaluation in future and could arise
from a phase change from tetragonal to orthorhombic
[29] or from a change in strain in the system [85]. It has
been discussed in the past [85] that a strain on SrIrO3
can significantly modulate the carrier concentration i.e.
the density of states in the material, which could be a
promising way to achieve high ζSOT in an oxide system.
8TABLE III. SOT efficiencies in various materials.
SOC Material
∆Rs × w × t
pf
g↑↓r,eff |ζSOT | |ζSOT |
(Ω-nm2) (nm−2) (from (15)) (measured)
Pt | NiFe 74.7 31 [19] 0.045 0.05 [18]
Pt | FeCoB 80 [19] 0.115 0.12 [19]
Pt | Co 80 [18] 0.115 0.11 [18]
Ta | CoFeB 560 6.92 [68] 0.15 0.12±0.04 [3]
Ta | YIG 5.4 [69] 0.11 0.07 [69]
W | CoFeB 112 10.1 [70] 0.044 0.33 (β-W [20])
0.03 (α-W [71])
0.2∼0.5 (a-W [71])
Ir | Co 56 29.3 [72] 0.063 0.1 [21]
Cu | Ir | NiFe 56 10.1f 0.022 0.02 [22]
Bi2Se3 | NiFe 13333.33 12∼65 [73] 6∼33.5 2∼3.5 [32]
70000 32.5∼175.8 1.56∼18.62 [33]
13440 6.2∼33.7
WTe2 35777.8 15.8 21.84 0.23∼0.79 [74]
TABLE IV. SOT efficiencies in Rashba channels.
Material n kF mn g
↑↓
r,eff αR vF p0,eff |ζSOT | |ζSOT |
(×1028 m−3) (nm−1) (nm−2) (nm−2) (eV-pm) (×106 ms−1) (from Eq. (16)) (measured)
Au | FM 5.9† [51] 12 22.92 2.7 [69] 39.6 [75] 1.38 [55] 0.036 0.0027 0.0033 [76]
0.0035 [17, 77]
Cu | Bi | NiFe 8.47† [51] 13.6 29.44 10.1 [78] 320 [53] 1.57† [51] 0.296 0.07 0.24 [23]
Ag | Bi | NiFe 5.86† [51] 12 22.92 32.1 [79] 56 [75] 1.39† [51] 0.05 0.044 0.023 [24]
STO | LAO | NiFe - 1.28‡ 0.26 13.3 [26] 3 [26] 0.074†† 0.062f 2 1.8 [27]
†Parameters taken for the most conductive layer in the system. ‡Estimated using kF =
√
2pins with ns = 2.6× 1017 m−2 [26]. ††Estimated using
vF = ~kF /m∗ with m∗ = 2m0 [26].
II.2.3. ζSOT in Rashba channels
We have estimated p0,eff for various Rashba interfaces
from the reported Rashba coefficient αR and Fermi ve-
locity vF using Eq. (10). mn has been estimated from
the carrier density of the corresponding conductive layers
using Eq. (6) and g↑↓r,eff has been taken from measured
values in the literature. These estimations were used in
Eq. (16) to calculate SOT efficiencies in various known
Rashba systems, which agree well with the experimen-
tal reports, as summarized in Table IV. We note that
the ζSOT estimated from the Cu|Bi Rashba interface is 3
times lower than the experimental observation on CuBi
alloy. The large value in CuBi alloy could be due to the
resonant scattering from the Bi impurities, as discussed
in Ref. [23]. Interestingly, ζSOT estimated for LAO|STO
Rashba interface is > 1 and in agreement with the experi-
mental observation in Ref. [27]. Note that p0,eff ≈ 0.062
in LAO|STO and ζSOT > 1 arises due to g↑↓r,eff  mn in
Eq. (16).
II.3. Comparison with existing results
II.3.1. Effective SOT efficiency
According to the semiclassical model in Ref. [58], the
SOT efficiency is given by [19]
ζSOT = θSH
g↑↓r
g↑↓r + g′so
tanh
t
2λsf
tanh
t
λsf
, (17)
where θSH is the internal spin Hall angle, λsf is the spin-
diffusion length, g↑↓r is the real part of the bare spin-
mixing conductance and q
2
h g
′
so =
σ
2λs
tanh
(
t
λsf
)
. In the
thick S-O layer limit (t λsf ) and in the high resistivity
9FIG. 5. (a) Structure for experiments on inverse effects.
(b) Inverse Rashba-Edelstein effect (IREE) length in di-
verse classes of materials including Ag|Bi [79], Cu|Bi [40],
Ag|Bi2O3 [86], Cu|Bi2O3 [86], Au|Bi2O3 [86], Al|Bi2O3 [86],
LaAlO3|SrTiO3 (LAO|STO) [26], Bi2Se3 [87], Fe/Ge(111)
[88], and MoS2 [89, 90]. The solid line represents Eq. (28).
S-O layer limit (g′so  g↑↓r ), we have
ζSOT ≈ θSH . (18)
Eq. (16) shows a similar dependence on g↑↓r,eff =
g↑↓r gso/(g
↑↓
r + gso) where this term is determined by
min(g↑↓r , gso). In the limit where gso  g↑↓r and weak
p0,eff , reduces to
ζSOT ≈ αp0,eff × gso
mn
, (19)
where 2q
2
h gsoLfwf = Gso is given by Eq. (14). Note
that in this limit, Eq. (19) is determined completely by
the S-O layer parameters, when the S-O layer have weak
SML.
When S-O layer have strong SML, even in the high
resistivity limit we can satisfy gso  gr↑↓ since gso ∝
1/(1− p20,eff ), which yields
ζSOT ≈ αp0,eff × g
↑↓
r
mn
, (20)
II.3.2. Internal spin Hall angle
We can define an internal spin Hall angle in the weak
SML limit from Eq. (19), as
θSH ≡ αp0,eff × gso
mn
.
The internal spin Hall angle is often defined in terms
of a spin Hall conductivity σSH as
θSH =
σSH
σ
. (21)
Noting that σ = q
2
h mnλ, we can also define a spin Hall
conductivity from Eq. (19) as
σSH = 2G
′
soλIREE . (22)
where G′so = Gso/(wfLf ). We would like to point
out that the formalism described in this paper consid-
ers transport near the Fermi energy and describes σSH
in terms of material density of states, degree of SML and
mean free path. However, the conventional approach cal-
culates σSH using spin Berry phase from the electronic
band structure and by taking into account contributions
from anomalous velocities from all of the occupied states
in the conduction band [82, 91], including the states well
below the Fermi energy. In the disordered phase of ma-
terial, a band structure and related bloch states are not
well-defined. However, density of states and number of
modes are well-defined and measurable, even with a high
disorder in a sample.
III. INVERSE EFFECT: SPIN TO CHARGE
CONVERSION
III.1. Spin Current to Charge Voltage
A spin current is injected into S-O layer from a FM
layer will induce an open circuit charge voltage across
the sample (see Fig. 1(c)-(d)) as given by
V12 = −αξp0
2GB
is, (23)
where the spin current is can be generated in various
ways e.g. spin pumping [26, 79, 98, 99], spin Seebeck
effect [100, 101], electrical injection through a ferromag-
netic contact [38, 40, 44], etc. Eq. (23) satisfies the
Onsager relation with Eq. (2) (see Ref. [37]).
The Onsager reciprocity [37, 102] requires that in Fig.
1, we have
V32(~m)
I12
=
V12(−~m)
I32
, (24)
which in conjunction with Eq. (3) gives a reciprocal ef-
fect, given by
V12 (+~m)− V12 (−~m) = −αξp0pf
GB
I32. (25)
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TABLE V. Inverse Rashba-Edelstein effect (IREE) length in diverse materials.
Material λ (nm) p0,eff λIEE (nm) λIEE (nm)
(Eq. (28)) (measured)
Ag|Bi 22.6 0.05 0.36 0.3 [79]
Cu|Bi 0.88 0.05 0.014 0.009 [40]
Ag|Bi2O3 53.3 0.017 0.28 0.15±0.03 [86]
Cu|Bi2O3 39.9 0.024 0.3 0.17±0.03 [86]
Au|Bi2O3 37.7 0.011 0.13 0.09±0.03 [86]
Al|Bi2O3 18.9 0.004 0.024 0.01±0.002 [86]
Fe|Ge(111) 3.27 0.11 0.12 0.13 [88]
MoS2|Al 40 0.3 3.82 4 [89]
LAO|STO 360.8 0.062 7.12 6.4 [26]
Bi2Se3 3.2 0.067 0.068 0.035 [87]
0.12 0.12 0.32 [92]
0.59 0.6
λ and p0,eff estimations are summarized in Table VI
TABLE VI. Mean free path (λ) and effective degree of spin-momentum locking (p0,eff ) in diverse materials.
SOC w t kF GB R Rsheet ρ λ αR vF p0,eff
Material (µm) (nm) (nm−1) (Ω) (Ω/) (µΩ-cm) (nm) (eV·A˚) (×106 m·s−1)
Ag|Bi 400 [79] 5 [79] 12 1.77 kS - 10a - 22.6 0.56 [79] 1.39 [51] 0.05
Cu|Bi 0.15 [40] 20 [40] 13.6 3.4 S - - 100g 0.88 0.56 [40] 1.57 [51] 0.009
Ag|Bi2O3 - - - - - - - 53,3 [55] 0.16 [86] 1.39 [51] 0.017
Cu|Bi2O3 - - - - - - - 39.9 [55] 0.25 [86] 1.57 [51] 0.024
Au|Bi2O3 - - - - - - - 37.7 [55] 0.1 [86] 1.4 [51] 0.011
Al|Bi2O3 - - - - - - - 18.9 [55] 0.055 [86] 2.03 [51] 0.004
Fe|Ge(111) 400 [88] 20d [88] 17.1e 14.4 kS 51 [88] - - 3.27f 1.5b [93] 1.98c [51] 0.11
MoS2|Al - - - - - - - 40 [94] 1.097 [95] 0.53 [96] 0.3
LAO|STO 400 [26] - 1.28 6.3 S - 176h - 360.8 0.03 [26] 0.074i [26] 0.062
Bi2Se3 1000 [87] 9 [87] 1.14 69.54 S - - 2000
j 3.2 - - 0.067k
0.12k
0.59k
aCorresponds to sample with 5 nm Ag in Ref. [79]. bEstimated for Ge interface with a metal which is higher than that reported for strained bulk
Ge [97]. c The Fermi velocity of the conductive layer Fe. dThickness of the most conducting layer is taken for calculation. eCalculated using
kF =
(
3pi2n
) 1
3 from electron density of Fe: n = 1.7× 1029 m−3 [51]. fEstimated from R = L/(GBλ) with length L = 2.4 mm [88]. gρ of Bi layer
was used which was taken from Ref. [40]. hTaken from Fig. 1(d) of Ref. [26] for LAO|STO at 7K. iWe estimate the Fermi velocity using
vF =
~kF
m∗ . m
∗ ≈ 2 × 9.1× 10−31 kg as reported in Ref. [26]. jTaken from Fig. 2(b) of Ref. [87] at ∼300K. kTaken from Table II.
Eq. (25) represents the inverse effect by electrical in-
jection of a spin current is ≈ pfI32 by flowing a cur-
rent through the FM contact. Noting that V12 (+~m) −
V12 (−~m) ≡ 2V12, we get the Eq. (23). The strength of
the spin current induced charge voltage is same as the
charge current induced spin voltage ∆Rs shown in Fig.
2 and differs only by a negative sign, according to Eq.
(24)
∆Rs =
V32 (+~m)− V32 (−~m)
I12
= −V12 (+~m)− V12 (−~m)
I32
.
Thus, the spin current induced charge voltage should
show an inverse relation with density of states of S-O
material. It has been recently shown that the inverse
spin Hall voltage in VO2 exhibits an incremental jump
while transitioning from metal to insulator phase [103].
This is in agreement with Eq. (23), since it is well known
that the Hall carrier concentration in VO2 shows a simi-
lar jump across the transition point [104].
III.2. Spin Current to Charge Current
The inverse effect in 2D channels with SML are often
quantified with the following figure of merit
λIREE =
Jc
Js
, (26)
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known as the inverse Rashba-Edelstein effect (IREE)
length. Here Jc is the charge current density in the 2D
channel (unit: A-m−1) induced by the the injected spin
current density Js (unit: A-m
−2).
From Fig. 1(c), the short circuit charge current for a
given spin current (is) injection is given by
Isc =
GBλ
λ+ L
× αp0
2GB
is. (27)
For a diffusive channel (L λ), we obtain an expression
for λIREE , as given by
λIREE =
Isc/w
is/(wL)
=
p0,eff λ
pi
, (28)
which we have previously reported in Refs. [35, 37].
Here, we compare Eq. (28) with available exper-
iments on diverse classes of materials: Ag|Bi [79],
Cu|Bi [40], Ag|Bi2O3 [86], Cu|Bi2O3 [86], Au|Bi2O3 [86],
Al|Bi2O3 [86], LaAlO3|SrTiO3 (LAO|STO) [26], Bi2Se3
[87], Fe/Ge(111) [88], and MoS2 [89, 90], which show
good agreement as showin in Fig. 5. The estimations are
summarized in Table V. Note that the figure-of-merit in
Eq. (28) do not depend on the material density of states,
but depend on the mean free path of the sample. One
interesting observation in Table V is that the p0,eff in
LAO|STO Rashba channel is weak. The large λIREE ob-
served in Ref. [26] is due to a large mean free path of the
channel.
IV. SUMMARY
The physics of spin-charge interconversion in various
spin-orbit materials is a topic of great current interest for
modern spintronics. Over the past decade, a large num-
ber of materials have been studied e.g. topological insu-
lators, transition metals, Kondo insulators, semimetals,
semiconductors, oxide interfaces, etc. with the goal to
enhance the interconversion efficiency. In this paper, we
discuss a unified theoretical framework for such materials
that relates the interconversion efficiency to the funda-
mental material parameters. We point out that the spin
signal strength scales inversely with the channel number
of modes or the material density of states. We further
discuss two widely used figure of merits: spin-orbit torque
efficiency and inverse Rashba-Edelstein effect length for
diverse classes of materials and how two enhance them in
terms of materials and device parameters. Remarkably,
experimental data obtained over the last decade on dif-
ferent materials closely follow our theoretical models and
provide a unified physical insight. This unified model will
enable a roadmap for materials with spin-orbit coupling
and help design appropriate material systems for desired
spintronic applications.
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Appendix A: Resistance Model and Circuit
Representation
We derive Eq. (1) assuming general contacts in this
section starting from the semiclassical equations in Ref.
[35].
We start from the diffusion equations for a general
channel with spin-momentum locking reported in Ref.
[35]
d
dx
Ic = i
c,
d
dx
Vc = − κ
λcGB
Ic − αpfG0
4G2B
Is +
2p0
αλc
κVs
+
p0pfG0
2GB
Vc +
αp0
2GB
is,
d
dx
Is = − 4GB
α2λs
Vs +
2p0
αλs
Ic + i
s,
and,
d
dx
Vs = − α
2κ0
λ0GB
Is − αpfG0
4G2B
Ic +
2αp0
λ0
κ0Vc
+
p0pfG0
2GB
Vs +
αp0
2GB
ic.
(A1)
where Ic, Is are charge and spin currents in the channel,
Vc, Vs are charge and spin voltages in the channel, GB is
the ballistic conductance, p0 is the strength of the SML in
the channel, and α is an angular averaging factor to take
into account the spin distribution of the eigenstates in the
channel. λc, λ0, λs are scattering lengths that determine
the charge conductivity, spin conductivity and the spin
relaxation in the channel. Here, ic, is are charge and spin
current per unit length entering into the channel from an
external contact with conductance per unit length G0
and contact polarization pf . κ = 1 +
G0λc
4GB
and κ0 = 1 +
G0λ0
4GB
are corrections to the charge and spin conductance
due to the presence of an external contact.
We make the following two assumptions:
• No charge current is flowing out of the external
contact i.e. ic = 0. The external contact can only
inject or absorb a spin current is.
• We consider a channel region where the spin voltage
is uniform, i.e.
d
dx
Vs = 0.
Thus the diffusion equations can be re-written as:
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d
dx
Ic = 0, (A2a)
d
dx
Vc = − κ
λcGB
Ic − αpfG0
4G2B
Is +
2p0
αλc
κVs +
p0pfG0
2GB
Vc +
αp0
2GB
is, (A2b)
d
dx
Is = − 4GB
α2λs
Vs +
2p0
αλs
Ic + i
s, (A2c)
and
d
dx
Vs = 0 = − α
2κ0
λ0GB
Is − αpfG0
4G2B
Ic +
2αp0
λ0
κ0Vc +
p0pfG0
2GB
Vs. (A2d)
Eq. (A2d) is further simplified as:
Is =
2p0GB
α
Vc − pf
α
κ0 − 1
κ0
Ic +
pf
α
2p0GB
α
κ0 − 1
κ0
Vs.
(A3)
Differentiating both sides of Eq. (A3) with respect to
x gives
d
dx
Is =
2p0GB
α
d
dx
Vc, (A4)
which in combination with Eqs. (A2b) and (A2c) yields
2p0
α
(
1
λs
+
κ
λc
)
Ic +
(
1− p20
)
is = −p0pfG0
2GB
Is
+
4GB
α2
(
1
λs
+
p20κ
λc
)
Vs +
p20pfG0
α
Vc.
(A5)
Combining Eqs. (A5) and (A3) gives
Vs =
αp0
2GB
1
λs
+ κλc − G04GB p2f κ0−1κ0
1
λs
+
p20κ
λc
− p
2
0p
2
fG0
4GB
κ0−1
κ20
Ic
+
α2
(
1− p20
)
4GB
(
1
λs
+
p20κ
λc
− p
2
0p
2
fG0
4GB
κ0−1
κ20
) is. (A6)
which yields
Vs =
αp0
2GB
Ic +
α2
(
1− p20
)
λs0
4GBL
is. (A7)
with is = Li
s,
 =
1
λs
+
κ
λ
− G0
4GB
p2f
κ0 − 1
κ0
1
λs
+
p20κ
λ
− p
2
0p
2
fG0
4GB
κ0 − 1
κ20
, (A8)
and
1
λs0
=
1
λs
+
p20κ
λc
− p
2
0p
2
fG0
4GB
κ0 − 1
κ20
. (A9)
Combining Eq. (A2b) with Eq. (A3) yields
d
dx
Vc = − κ
λcGB
(
1− p2f
κ− 1
κ
κ0 − 1
κ0
)
Ic
+
2p0
αλc
κ
(
1− p2f
κ− 1
κ
κ0 − 1
κ20
)
Vs +
αp0
2GB
is.
(A10)
We apply
d
dx
Vc = −V1 − V2
L
and combine Eq. (A10)
with Eq. (A6) as
V1 − V2 = L
GB
(
κ
λc
− p2f G04GB κ0−1κ20
)(
1
λs
− p20λs
)
(
1
λs
+
p20κ
λc
− p
2
0p
2
fG0
4GB
κ0−1
κ20
) Ic
− αp0
2GB
1
λs
+ κλc − p2f G04GB κ0−1κ20
1
λs
+
p20κ
λc
− p
2
0p
2
fG0
4GB
κ0−1
κ20
Lis.
Note that the first term in the above equation repre-
sents charge resistance LGBλ in the sample. We define the
effective mean free path λ in the channel as
1
λ
=
(
κ
λc
− p2f
G0
4GB
κ0 − 1
κ20
)(
1
λs
− p
2
0
λs
)
(
1
λs
+
p20κ
λc
− p
2
0p
2
fG0
4GB
κ0 − 1
κ20
) , (A11)
which yields
V1 − V2 = L
GBλ
Ic − αξp0
2GB
is, (A12)
where is = Li
s is the total spin current in the external
contact. Eqs. (A12) and (A7) together gives Eq. (1)
where the spin source conductance Gso is given by Eq.
(14).
Appendix B: Spin-momentum locking in Rashba
Channels
We start from the following Rashba Hamiltonian
H = ~
2k2
2m∗
I2×2 − αR
(
~σ × ~k
)
· yˆ, (B1)
where αR is the Rashba coefficient, m
∗ is the effective
electron mass, k is the wave vector, and I2×2 is a 2 × 2
identity matrix. The dispersion relation from Eq. (B1)
is given by
E =
~2k2
2m∗
− s αRk, (B2)
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with s being the spin index.
Solutions for k for a given energy E are given by
~k1 = sm∗αR +
√
m2α2R + 2~2m∗E,
~k2 = sm∗αR −
√
m2α2R + 2~2m∗E,
noting that s2 = 1.
Here, k1(s = +1) and k1(s = −1) correspond to M and
N respectively. Similarly k2(s = −1) and k2(s = +1)
correspond to M and N respectively, staisfying the time-
reversal symmetry. Thus the degree of SML p0 is given
by
p0(EF ) =
k1(s = +1)− k1(s = −1)
k1(s = +1) + k1(s = −1)
=
αR√
α2R +
2~2EF
m∗
.
(B3)
which in conjunction with EF =
1
2
m∗v2F gives the ex-
pression in Eq. (10).
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